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INTRODUCTION
From a propulsion standpoint, accurate prediction of the magnitude of loads experienced by propeller blades under various operational conditions is necessary to guide design and maintenance. While propeller performance can be accurately predicted at near-design conditions, off-design conditions pose significant challenges. Typically, potential flow codes are used to predict these phenomena, and prove sufficient under simple, steady conditions. Namely, these are the ahead (forward) or astern (backing) conditions. For the two propeller operational modes for which the ship velocity, V s , opposes the propeller angular velocity, co, the flow becomes vastly more complex due to the shear layer interaction between the free stream and the flow exiting the propeller. These are known as the crashback {+V S , -co) and crashahead (-V s , +co) conditions. Crashback is an off-design propeller operational condition in which the propeller rotates in a backing mode, decelerating the vessel as it moves forward. The interaction of the free stream and opposing jet flow exiting the propeller generates a ring vortex that oscillates near the propeller tip. This unsteady flow induces side forces on the propeller that can greatly exceed the forces observed under normal operational conditions. These loads often control the structural criteria for propeller design. Furthermore, they can be large in comparison to the restoring or maneuvering forces on the control surfaces, resulting in uncontrolled lateral motions. This is in large part due to the fact that the control authority diminishes with decreasing speed in a crashback condition while propeller forces depend on both speed of advance and propeller rotational speed.
The primary objectives of this test are to measure both the rotor and duct/stator loads on a ducted propeller, and to determine the impact on side force magnitudes and rotational frequencies due to the presence of a duct. The overall load split of side force magnitude will be determined as well. Propeller 4381 was selected for this study as a generic propeller that has been used previously in crashback studies, and can be used for Computation Fluid Dynamics (CFD) validation. The current testing program builds upon two previous testing efforts conducted in the 36inWT with propeller 4381. The first test conducted in 2004 was documented in Chesnakas et al (2004) . In this test propeller 4381 was run as an open propeller in crashback,. Only shaft thrust and torque were measured along with Particle Image Velocimetry (PIV) measurements of local flow-fields at the blade leading edges and ring vortex flows. The second test conducted in 2005 is documented in Jessup et al (2006) . During the second test period, the 4381 open propeller configuration was repeated with an in-hub 6-component dynamometer in order to measure out of plane or maneuvering forces. A neutrally loaded duct was also incorporated into the model setup. At this time the capability to measure duct/stator loads for this setup did not exist and only rotor forces were recorded. The primary test objective was to document the flow field changes as a result of the duct using PIV. The current test period addresses the missing data from that test with the inclusion of a new duct/stator load cell design. Rotor force data acquired previously with the duct will be compared to the current test data to insure consistency of the results.
BACKGROUND
The crashback maneuver has been studied fairly extensively over the past decade. The first flow measurements were performed by Jiang (1), in which PIV measurements were used to relate flow features with measured unsteady shaft forces. This work revealed the presence of a ring vortex structure and its unsteadiness. In particular, the ring vortex was observed to undergo low frequency shedding unrelated to the propeller rotation rate. Later, Jessup (2) supported these findings with a comprehensive set of PIV and Laser Doppler Velocimetry (LDV) data. CFD efforts using Reynolds-averaged Navier-Stokes (RANS) include Chen (3) and Davoudzadeh (4). Chen (3) used RANS to simulate crashback on Propeller 4381. The computations over predicted the forces in comparison with experimental open water data, and only included modeling of a single blade passage, assuming blade periodic flow. It was concluded that cavitation was responsible for the discrepancy. Davoudzadeh (4) used RANS to simulate flow over the entire submarine body and propeller during crashback. An unsteady vortex ring was noted, but a comparison with experimental data was not provided. More recently, Vyoshlid and Mahesh (5, 6) modeled crashback loads using large eddy simulations (LES) for both a full propeller model of 4381 and an actuator disk model.
EXPERIMENTAL SET-UP
Test facility
The experiment was conducted in the Naval Surface Warfare Center Carderock Division's 36-inch Variable Pressure Cavitation Tunnel. The facility is a vertical plane, closed re-circulating tunnel with resorber, variable-speed, variable-pressure, two interchangeable circular test sections -an open jet and a closed jet, a deaerator, and a filter system (95-micron).
The drive system is made up of a 1.98 m diameter adjustable pitch four-bladed axial flow impeller, capable of a maximum test section velocity of 25.7 m/s and absolute pressures between 14 to 414 kPa. Specifications for the test facility are found in Appendix A.
Tunnel velocity measurements are determined from pressure drop using area ratios between static pressure tap locations. The 36in VPWT has 3 rings of taps for measurement of static pressure in the tunnel contraction upstream of the test section. Tunnel velocity is normally determined between Ring 3 and Ring 1 as they have the largest area difference and greatest pressure drop. Due to the reverse flow generated by a propeller in crashback the static pressure measurement at Ring 1, or closest to the test section, can include an unknown bias error. For this reason another measurement of velocity between Ring 3 and Ring 2 is also included in the data set. Advance coefficient values reported here use the velocity determined from Ring 3 to Ring 2.
Ducted configuration
Propeller 4381 was tested during this effort. It is a five bladed propeller, 12 inches (304.8 mm) in diameter. A duct with supporting straight vanes was designed as a back-fit to propeller 4381 and constructed using a Stereo-Lithography Apparatus (SLA). Photographs of the test set-up are shown below in Figure 1 . Detailed model characteristics for both the propeller and duct are given in Appendix B. Both the rotor (propeller shaft) and the stator/duct were instrumented with 6 component dynamometers. Drawings of the dynamometers are shown in Appendix C. The rotor cable was run through the shaft to a slip ring that allowed rotation of the dynamometer with the shaft. The stator cable was taped to the shaft, a strut, and back out through the tunnel wall using metal tape, as shown in Figure 2 . 
Data Acquisition System
Measurements are taken with a Dell Optiplex GX270 running Windows 2000. Data acquisition software and analysis routines are written in LabVIEW v7.1. This collection and analysis code is called "36VPWT crashback rotor and duct.llb" and was developed within Code 5400. The PC utilizes a National Instruments PCI-6031E for analog measurements. The PCI-603 IE is a 64 channel, 16 bit A/D with a maximum sampling rate of 100 kHz. In order to reduce system noise, the board is used in a differential mode limiting the number of analog inputs to 32. Physical connections to the data acquisition card are made through BNC blocks (NI part numbers BNC2110 and BNC2115). In order to correlate the measured analog data to shaft position the PCI-6031E is synchronized with a digital input board, PCI-DIO-32HS, through the Real Time System Integration (RTSI) bus. The PCI-DIO-32HS is connected to an absolute position encoder in order to record shaft position through a screw terminal connection block (NI part number SCB-68). All data were sampled at a rate of 500 Hz. Previous crashback testing efforts determined this sampling rate to be sufficient to resolve unsteady signals of interest.
Two AMTI 6-component dynamometers are used to measure rotor and stator forces and moments. Both dynamometers were calibrated for all 6 force and moment components prior to the experiment. The results for these calibration efforts are given in Appendix D: Rotor and stator dynamometer calibrations, with gains, sensitivity matrices, and calibration uncertainty included. The rotor dynamometer rotates with the shaft and also includes a force component corresponding to the weight of the propeller. For this reason these measurements are synchronized with the absolute position shaft encoder. This permits subtraction of the weight of the propeller from the side force measurements, and conversion of the side force measurements into the inertial frame. The process behind synchronizing the AMTI orientation with the absolute position shaft encoder and for subtracting the weight of the propeller are described later in the text.
DATA REDUCTION
Data Acquisition Scheme
By collecting six-component voltage data from the rotor dynamometer and the digital output from the absolute position encoder simultaneously, rotating forces and moments can be reduced into a body, fixed-frame coordinate system. Voltage data are multiplied by a sensitivity calibration and interaction matrix to derive engineering units, and 13-bits of digital data are summed to generate a value from 0-8192 indicating angular position. By implementing a highspeed digital interface, all 13 bits of encoder data can be sampled between transitions resulting in a noise free signal. This is critical to enable accurate transformation of the rotating data into an inertial reference frame. Data channels are sampled at 500 Hz, at a sweep rate of 1.25 MHz, resulting in a virtually simultaneous sampling rate. Both the dynamometers were sampled simultaneously. When summing the propeller and duct forces, this was done at the 500 Hz collection rate.
Coordinate System Conversion
The coordinate system shown in Figure 3 was used for data acquisition and reduction. To resolve the measured rotating forces (FX rotor, FY rotor) into a body fixed coordinate system, encoder values aligned with body fixed axes (0 = 0, 90, 180, and 270°) had to be determined. To do this a Zero Reference or Rotating Zero Procedure was established and repeated for several model setups to determine its accuracy. 
Zero Reference or Rotating Zero Procedure
The purpose of the zero reference or rotating zero procedure is twofold. The first is to determine the encoder locations aligned with the body fixed coordinate system and the second is to calculate a set of rotor weight functions. The rotor weight functions represent the measured forces on the propeller dynamometer for one complete revolution at no flow. Subtraction of the rotor weight functions from operating data at each angular location reveals the hydrodynamic forces acting on the propeller.
The dynamometer, with propeller installed, was rotated to a fixed angle and a 5-second average was taken of each channel. The shaft is then rotated to a new location and data is acquired. This process is repeated until data are collected at enough angular positions to define the rotor weight functions for one rotation of the propeller. The above procedure was also conducted with a dry test section to determine encoder reference locations, as it did not include buoyancy effects in the rotor weight functions or any shaft windup under load. Due to the low loading relative to the shafting size, this wind-up could be ignored.
This data is then curve fit using a curve fitting routine, NLREG v6.0. The rotor weight functions are listed below,
The values offset x and offsety are a function of zeroing the dynamometer at an unknown angular location. These offsets are addressed in the electrical zeroes procedure below. Theta is the measured angular position of the shaft, and phi is the offset angle where dynamometer channel; Fx is vertical and Fy is horizontal to starboard. Weight represents the weight of the propeller. Raw data from this procedure is show in Figure 4 . For this case offset x = -0.615 lbs, offsety = -0.0281 lbs, weight = 2.02 lbs, and phi = -0.178 degrees.
Even though the propeller weight is well known and could be represented by a shifted sinusoidal function it is best to determine these functions experimentally. The experimental fitting procedure takes into account all additional pieces hanging on the dynamometer (propeller, spacers, fairwater), the weight of the dynamometer itself, and accounts for buoyancy effects when conducted with the propeller submerged. The number of data points shown was representative of the angular increment required to accurately determine the propeller weight and phi offset angle.
To determine the encoder reference positions the Fx and Fy sinusoidal curve fits were examined to determine there maximum and minimum encoder locations. Where Fx is minimum, largest negative value, corresponds to 0°. This encoder location could then be subtracted from each encoder measurement so that the data are referenced to 0° at top dead center (TDC). Where Fx is maximum corresponds to 180°. Where Fy is maximum corresponds to Fx at 90°, and where Fy is minimum corresponds to Fx towards 270°. Repetition of this procedure both dry and wet and on subsequent days of testing showed at most a ± 1.0° error in calculated reference positions. The error can be largely attributed to the number of data points taken around each maximum and minimum encoder location. Figure 5 displays the FX and FY weight data with their respective curve fits after including voltage offsets and processing with the 6-component calibration and interaction matrix. 
Electrical Zeroes
To set electrical zeroes the dynamometer is rotated by hand to the calculated encoder position at 0°. This is done by reading the encoder position and communicating with the tunnel operator rotating the shaft. At this position Fy and Mx should be equal to zero. Zeroing all of the channels simultaneously creates an offset equal to half the propeller weight on Fx and a corresponding moment offset on My. These offsets are added back into the measured data during the real-time data reduction algorithms. The offsets are also determined experimentally by repeating the zero reference procedure to verify the zero reference position.
Propeller Weight Subtraction
With the propeller rotor weight functions determined under static conditions they can then be subtracted from dynamic measurements. This is accomplished by simultaneously measuring rotor forces and shaft position. Example data from unsteady runs are shown in Figures Figure 6 and Figure 7 below. These measurements were made during LCC crashback measurements discussed in Bridges (7) in which P4381 was mounted behind a submarine body. No unsteady runs, ramped rpm, or tunnel speed have been made for the 36inWT configuration. The portion of the data set where the rpm is positive corresponds to a forward rotation of the rotor. When the propeller weight is subtracted the portion is zeroed leaving only the hydrodynamic forces on the rotor. 
Determine Forces in the Inertial Frame
Rotor side forces FX rotor and FY rotor can be converted into an inertial or fixed frame of reference. The equations below represent the coordinate system shown in Figure 3 .
FH rolor = (FX -W) sin 6 + (FY -W) cos 6 FV mlor = (FX -W) cos O-(FY-W) sin 9
The vector sum of these components is equal to the rotor side force magnitude.
FMAG mlor =^FH ro J + FV n
The side force magnitude can be non-dimensionalized as a propeller force coefficient,
where , p is the fluid density, n is the rotational speed in rev/s of the propeller, and D is the propeller diameter. The non-dimensional thrust coefficient, KT, is given by
where T is the thrust. The non-dimensional torque coefficient, KQ, is given by
where Q is the torque. Figure 8 shows the non-dimensional rotor thrust and torque coefficients for the ducted and open configurations for crashback conditions. There is little difference between the rotor thrust or torque coefficients in either the ducted and open propeller configurations, although the ducted configuration shows a small increase in magnitude as J approaches 0 in the crashback condition. The ducted thrust coefficient appears to be slightly higher than the open configuration, while the torque coefficient tends to be marginally higher for the open configuration than the ducted configuration. Figure 9 shows the non-dimensional rotor thrust and torque coefficients for the ducted and open configurations for ahead conditions. The ahead conditions show very little difference between the rotor thrust or torque coefficients in the ducted and open propeller configurations. Figure 10 shows the propeller side force, KFMAG, verses J for both crashback and ahead conditions. The previous rotor force only measurements with the duct, labeled "ducted (Chesnakas, 2005)" taken from Chesnakas (8), agrees with the present measurement, labeled "ducted (2008)". The open propeller case, without duct, also matched both ducted cases indicating that the presence of the duct does not impact the propeller side force loading. Figure 11 shows the propeller force coefficient, KFMAG, propeller and duct components for the ducted configuration. KFMAG for the duct is responsible for the majority of the total force. Furthermore, it is clear that the duct and rotor components are out of phase over most of the advance coefficients, as the sum of the two components does not equal the total KFMAG. Near the peak that shows up at an advance coefficient of -0.3, the two appear to be almost completely out of phase. The phase offset between the two reduces the peak magnitude of the total propeller force significantly. This observation is supported by Figure 12 and Figure  13 , which display KT and KQ for the crashback conditions with the rotor, duct, and total components shown. To illustrate the phase offset between duct and propeller forces, the horizontal and vertical force components for J = -0.345 are shown in Figure 14 and Figure 15 . It is clear from these figures that the duct force is responsible for most of the total force and that the signals are out of phase at this J value. Both signals are dominated by a low frequency with a period of approximately three seconds. Figure 16 , and torque coefficients, KQ, are shown in Figure 17 . Numerical predictions computed by our group are also shown on the plots. KT is dominated by the rotor contribution near the design condition (J=0.889), but the duct contribution is significantly below the design condition, and increases as J approaches zero. The numerical results for the duct contribution show a high degree of correlation with the experimental data. The rotor contribution, however, is over predicted in comparison with the experimental data, causing the total KT estimation to be high as well. Propeller torque is dominated by the rotor for all positive J values investigated. The numerical estimations again show fairly good agreement with some overestimation due to the rotor model. Peak non-dimensional force frequencies of rotation were computed for open and ducted configurations from the phase angle of the force. The phase angle is given by the arctangent of the vertical force component divided by the horizontal component. The rotational frequencies are determined as the slope of the force angular direction versus time curve, which is indicative of a constant rotation, i.e. when the angle of the force changes linearly with time. Regression lines are computed between local extrema in the phase angle curve to determine the corresponding frequencies, and from these the maximum and minimum are taken to determine the range at which these major frequency events are occurring. Extrema are determined by lowpass filtering the raw data with an 8 Hz cutoff frequency and computing the derivative of the phase angle, theta. The troughs and peaks are then determined from the change in sign of the Peak non-dimensional force frequencies of rotation were computed for open and ducted configurations from the phase angle of the force. The phase angle is given by the arctangent of the vertical force component divided by the horizontal component. The rotational frequencies are determined as the slope of the force angular direction versus time curve, which is indicative of a constant rotation, i.e. when the angle of the force changes linearly with time. Regression lines are computed between local extrema in the phase angle curve to determine the corresponding frequencies, and from these the maximum and minimum are taken to determine the range at which these major frequency events are occurring. Extrema are determined by lowpass filtering the raw data with an 8 Hz cutoff frequency and computing the derivative of the phase angle, theta. The troughs and peaks are then determined from the change in sign of the derivative. Results for this process are shown in Figure 18 , with the extrema locations shown as vertical lines. Regressions lines are computed between these successive locations on the raw data to determine the local slope, or frequency of rotation, as shown in Figure 19 
RESULTS AND DISCUSSION
Discussion of uncertainties
Due to the rotating reference frame of the propeller, it is difficult to estimate the level of uncertainty in the measurements. In order to compare the measurement statistics between the present experiment and the previous experiment with an open rotor, normalized histograms were computed for the force magnitudes for both the rotor and duct force components. The histograms for representative J values for the crashback condition are shown in Figure 21 . Good agreement is noted for the rotor histograms both with and without the duct (blue and green curves) for all J except J=-0.285. These results indicate that the experiment is repeatable. The J=-0.285 case is an extremely dynamic condition, and thus may be altered more significantly by the presence of the duct. The data presented in this fashion confirms the conclusions from Figure 10 that rotor side force magnitudes is not impacted by the presence of the duct. configurations.
The histograms for the open rotor configuration under all crashback conditions measured are shown in Figure 22 . The force magnitude is normalized by the square root of J, as this appears to be the parameter upon which the mean and RMS are dependant. The histograms clearly collapse with some slight variation. The same results are shown in Figure 23 for the \9 ducted configuration, which shows significantly more spread, with the data still collapsing to some extent. Most of the variation occurs near J=-0.3, where the interaction between the duct and rotor is the greatest. 
CONCLUSIONS
Measurements were performed on a generic ducted propeller to determine 6-component loads in simulated crashback conditions in an open test section water tunnel. Simultaneous rotor and duct forces were measured to show the total propulsor forces. The duct forces were shown to be approximately three times the magnitude of the propeller forces. The vector sum of the rotor and stator forces were approximately similar to the duct forces with some variability due to phasing between the two propulsor components.
When comparing the unsteady side forces to the time average thrust, the rotor levels are about 10% of the propulsor thrust, while the total side force including the duct is about 30% of the rotor thrust. For this case the duct was designed as a neutral duct, producing no appreciable thrust at the ahead design condition of J=0.889. Histograms were computed for both the open and ducted configurations. These plots show the relation between the force magnitudes and the square root of the advance coefficient (J), as well as demonstrate that the experiment is repeatable. The duct has the largest apparent effect upon the rotor forces near J=-0.3, where the interaction may be non-linear. 
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